Aims/hypothesis. The cellular mechanisms for the insulin resistance in pregnancy and gestational diabetes mellitus are not known. The membrane protein plasma cell glycoprotein PC-1 has been identified as an inhibitor of insulin receptor tyrosine kinase activity and could have a role in insulin resistance. This study aimed to examine the effects of insulin on glucose transport and changes in insulin receptor tyrosine phosphorylation, IRS-1 and PC-1. Methods. Adipocytes were obtained either during elective cesarean section from three groups of subjects (Type II diabetic pregnant women (n=6) women with gestational diabetes mellitus (n=10) and pregnant women with normal glucose tolerance (n=6) as pregnant control subjects) or during elective gynaecological surgery from non-pregnant (n=6) control subjects. Results. Insulin stimulated glucose transport was reduced by 50% in women with gestational diabetes mellitus and 70% in pregnant women with Type II diabetes, compared to the non-pregnant control subjects. After maximal insulin stimulation of adipocytes, IRTK phosphorylation was reduced by 29.5% in women with gestational diabetes mellitus and 44.5% in women with Type II diabetes, compared to the nonpregnant control subjects. We also found that IRS-1 phosphorylation was reduced by 32% and 48%, respectively. On the other hand, PC-1 content in adipocytes in women with gestational diabetes mellitus increased by 320% and 668% in Type II diabetic women, compared to the non-pregnant control subjects. Conclusions/interpretation. Our results indicate that women with gestational diabetes mellitus and Type II diabetes have increased PC-1 content and suggest that this could contribute to lower phosphorylation levels of IRTK and IRS-1. Furthermore, these postreceptor defects in insulin signalling pathway are greater in both groups compared to the women with normal pregnancy. However, results from women with Type II diabetes show that pre-existing insulin resistance lead to an even greater deterioration of the signalling pathway. [Diabetologia (2002) 45:502-508] 
Gestational diabetes mellitus (GDM) is defined as abnormal glucose tolerance that usually develops during the third trimester and affects about 3-5% of all pregnancies [1, 2, 3] . It is a major cause of both maternal and fetal perinatal complications. The pathogenesis of GDM involves the combination of both insulin resistance and relative insulin deficiency. Even though normal human pregnancy is associated with hyperinsulinaemia and a progressive decline in insulin sensitivity, most pregnant women maintain normal glucose tolerance by a compensatory increase in insulin secretion [4] . Some studies using the euglycaemic glucose clamp have shown more pronounced insulin resistance in GDM patients compared with women with normal glucose tolerance during pregnancy [5] . Although diabetes usually remits after pregnancy, up to 50% of women diagnosed with GDM go on to develop Type II (non-insulin-dependent) diabetes mellitus later in life, particularly if obesity is present [6] . GDM shares many of the characteristics of Type II diabetes. Both are aggravated by increasing obesity and age, suggesting that the components of insulin resistance and decreased insulin secretion could be common to Type II diabetes. The cellular mechanisms causing insulin resistance in pregnancy and GDM are poorly understood [7, 8] . A variety of both genetic and acquired factors are thought to contribute to this condition including the overexpression of the inhibitors of the insulin receptor tyrosine-kinase activity. This key step in insulin signalling could lead to impaired insulin action [9] . These inhibitors include plasma cell membrane glycoprotein-1 (PC-1).
PC-1 is a class II transmembrane protein that is expressed in many human tissues [9] . Recent studies have found that overexpression of PC-1 plays a role in insulin resistance in subjects with and without Type II diabetes [10, 11] , and it could also be involved in the pathogenesis of GDM [12] . PC-1 has been shown not only to inhibit the tyrosine kinase activity of the insulin receptor but also to influence insulin action at a postreceptor site [13] .
In the present study, we investigated insulin signalling in GDM and compared it to normal pregnancy and to Type II diabetic pregnancy, including glucose transport activity, using human adipocytes in vitro. We also examined the phosphorylation levels of IRβ, IRS-1 and measured the amounts of expression of GLUT-4 and PC-1.
Subjects and methods

Materials.
Insulin was donated by Eli Lilly (Indianapolis, Ind., USA). Bovine serum albumin (BSA), collagenase and all fine chemicals, unless otherwise noted were obtained from Sigma (St Louis, Miss., USA). Anti IRβ, IRS-1, PC-1 and recombinant protein A-agarose were purchased from Upstate Biotechnology (Lake Placid, N.Y., USA). The GLUT-4 antibody was obtained from Chemicon (Temecula, Calif., USA). Mouse monoclonal antiphosphotyrosine antibody (PY-20) was from Transduction Laboratories (San Diego, Calif., USA). Horseradish peroxidase-conjugated secondary antibodies were purchased from Amersham Pharmacia Biotechnology (Piscantaway, N.J., USA). All radiochemicals were obtained from Du-Pont-NEN (Boston, Mass., USA). Enhanced chemiluminescence reagent was obtained from Pierce (Rockford, Ill., USA).
Subjects. We studied six non-pregnant subjects (non-pregnant control group), six pregnant subjects (pregnant control group) with normal glucose tolerance, ten pregnant subjects diagnosed with GDM during the third trimester and six pregnant subjects treated for Type II diabetes mellitus. Non-pregnant patients undergoing elective gynaecological surgery were recruited as non-pregnant control subjects. None of the nonpregnant control or pregnant control subjects were classified as having diabetes mellitus based on a 75-g OGTT. Subjects diagnosed with GDM were treated with diet therapy before delivery. Type II diabetic pregnant subjects were all treated with insulin. All subjects were closely matched in age and degree of obesity (Table 1) . However, none of the non-pregnant control or pregnant control subjects had any diseases or had taken any medications known to alter carbohydrate metabolism for at least 9 months before the study. Informed consent was obtained from all subjects after explanation of the procedure, and the study was approved by the local Ethical Committee and was done in accordance with the principles of the Helsinki declaration.
Preparation of isolated human adipose cells.
The adipose tissue was obtained either during the cesarean section from pregnant women or during elective gynaecological surgery from non-pregnant control subjects by standard surgical technique. The adipose tissue was placed in Medium 199 at 37°C containing 25 mmol HEPES, 4% BSA with 5.5 mmol/l glucose. Adipose cells were prepared according to methods described previously [14] . The tissue was cut into small fragments visibly free of connective tissue and blood. About 0.5 g of tissue was incubated at 37°C in Medium 199 containing 25 mmol HEPES, 4%BSA with 5.5 mmol/l glucose and 0.8 mg/ml collagenase in a shaking water bath. After about 50 min, liberated cells were filtered through a nylon mesh with a pore size of 400 µm and washed four times in fresh BSA-containing medium and finally resuspended at 2% cytocrit. Cells were then incubated with the 6.9 nmol/l insulin in the presence of 0.1 µmol/l N 6 (2-phenylisopropyl)-adenosin (PIA) and 1U/ml of adenosine deaminase (Boehringer, Mannheim, Germany).
Glucose uptake in human adipose cells. Cellular uptake of [ 14 C-U]-glucose was measured during 1-h incubation of cells in glucose-free medium containing PIA and adenosine deaminase as indicated above at lipocrit 5% as described previously [14] . The cells were then stimulated with 6.9 nmol/l insulin for 20 min and 0.86 µmol/l [ 14 C-U]-glucose was added. The cells were separated by centrifugation through silicon oil, the radioactivity was measured by scintillation counting.
Immunoprecipitation and tyrosine phosphorylation of the IRβ subunit and IRS-1. Isolated human adipocytes were distributed into plastic vials in a final incubation volume of 500 µl. Cells were incubated in the presence or absence of 6.9 nmol/l insulin for 10 min, following centrifugation through silicon oil and lysed in 0.5 ml lysis buffer containing 50 mmol/l HEPES, 150 mmol/l NaCl, 1% Triton X-100, 4 mmol/l sodium orthovanadate, 20 mmol/l sodium pyrophosphate, 200 mmol/l sodium fluoride, 10 mmol/l EDTA, 10% glycerol, pH 7.4. Lysates were centrifuged at 14,000 × g for 10 min at 4°C. Supernatants were incubated with IRβ or IRS-1 antibody and recombinant protein A-agarose overnight at 4°C. Pellets were washed three times in lysis buffer. Laemmli's buffer was added to the pellets and boiled for 5 min. Samples were separated by SDS-PAGE on 7.5% polyacrylamide gels. Proteins were transferred to PVDF membrane and blotted with pY20 antibodies according to the manufacturer's instructions. Following incubation with horseradish peroxidase-conjugated secondary antibodies, proteins were visualized by enhanced chemiluminescence and submitted to autoradiography. National Institutes of Health Image software was used to analyse the autoradiographs.
Immunoblot analysis of GLUT-4 and PC-1 proteins.
Adipocytes from different study groups were lysed at 4°C in a lysis buffer. Lysates were centrifuged at 14,000 × g for 10 min at 4°C. Supernatants were removed and Laemmli's buffer was added. Samples were separated by SDS-PAGE on 7.5% polyacrylamide gels. Proteins were transferred to PVDF membrane and blotted with GLUT-4 or PC-1 antibody according to the manufacturer's instructions. National Institutes of Health Image software was used to analyse the autoradiographs.
Statistical analysis.
Values were expressed as means ± SD for the indicated number of patients. Differences between groups were analysed by one-way analysis of variance (ANOVA) and post hoc testing. A p value of less than 0.05 was considered to be statistically significant.
Results
Effect of insulin on glucose transport. Incubation of adipocytes from non-pregnant control subjects with a maximum concentration of insulin (6.9 nmol/l) resulted in a 177% stimulation over basal transport rate (Fig. 1A) . In pregnant control subjects, maximal insulin stimulation glucose transport was 40% lower compared with non-pregnant control subjects (p<0.005).
In GDM subjects the glucose transport rate was 50% lower compared to the non-pregnant control subjects (p<0.005) and lower still further in Type II diabetic pregnant subjects by 70% (p<0.005). In the absence of insulin, the basal transport of 2-deoxyglucose was not different between groups.
To investigate whether the alteration in glucose transport stimulation was due to a change in the amount of the total cell content of GLUT-4, we immunoblotted the cell lysates from different groups with the GLUT-4 antibodies. As seen in Fig. 1B no significant change of the amount of GLUT-4 was observed among different study groups.
Effect of pregnancy, GDM and Type II diabetes pregnancy on the tyrosine phosphorylation levels of insulin receptor and IRS-1.
To determine whether the impaired glucose transport in adipocytes from pregnant control, GDM and Type II diabetic pregnant subjects was associated with an abnormality in insulin receptor tyrosine kinase phosphorylation, cell lysates from insulin-stimulated cells were immunoprecipitated with anti-IRβ antibody and immunoblotted with antiphosphotyrosine antibody. We expressed the maximal tyrosine phosphorylation as a function of the amount of insulin receptor protein. As shown in Fig. 2A , after maximal insulin stimulation of adipocytes from pregnant subjects with normal glucose tolerance, the net increase above basal was lower by 12 ± 4.7% compared with non-pregnant control subjects (p<0.0005). In GDM and Type II diabetic pregnant subjects, the maximal insulin receptor tyrosine phosphorylation for each protein level was also significantly lower by 29.5 ± 6% (p<0.0005) and 44.5 ± 5% (p<0.0005), respectively. A representative autoradiogram, seen in Fig. 1 . A Glucose transport in response to 6.9 nmol/l of insulin in adipocytes from non-pregnant control (NPC; first column), pregnant control (PC; second column), GDM subjects (third column) and Type II diabetic pregnant women (T2P; fourth column). Results are means ± SD for all patients done in triplicate. Non-stimulated (basal) glucose transport was similar in all groups *p<0.0005. B Immunological identification of GLUT-4. Equal amounts of protein (50 µg) were resolved by SDS-PAGE, transferred to membranes and analysed by Western blotting. A typical autoradiograph from a subjects in each group is shown Fig. 2B , shows levels of basal and insulin-stimulated insulin receptor tyrosine phosphorylation in a nonpregnant control, pregnant control, GDM and Type II diabetic pregnant subjects.
We next determined the effect of insulin on IRS-1 phosphorylation. As shown in Fig. 3A , compared with non-pregnant control subjects, maximal insulin-stimulated IRS-1 tyrosine phosphorylation was lower by 9 ± 4% in healthy pregnant subjects and 32± 6.5% (p<0.0005) or 48.5± 4.7% (p<0.0005) in GDM and Type II diabetic pregnant subjects, respectively. A representative autoradiogram is shown in Fig. 3B .
Cellular content of PC-1.
We measured the total cellular content of PC-1 protein in our cell lysates by using SDS-PAGE and Western blot analyses. PC-1 levels of Type II diabetic pregnant subjects were highest in all four groups (Fig. 4A) . In GDM subjects, the PC-1 levels were 60% greater compared with pregnant control subjects (p<0.0005) and 320% greater compared with non-pregnant control subjects (p<0.0005). On the other hand, PC-1 levels in Type II diabetic pregnant subjects were 281% (p<0.0005) and 668% (p<0.0005) greater compared with pregnant and non-pregnant control subjects, respectively.
Discussion
Over the past several years, significant progress has been made in understanding the molecular mechanisms of insulin action leading to translocation of the GLUT-4 glucose transporter from intracellular vesicular storage sites to the plasma membrane in both muscle and adipose cells. However, despite intense study, the signalling pathways mediating this biologic effect in different insulin resistant states, are not completely understood. Although insulin resistance is a key aspect of GDM pathogenesis, not all cellular mechanisms responsible for insulin resistance are known. GDM represents a combination of acquired and intrinsic abnormalities of insulin action; however, with regard to human skeletal muscle, there is little information on glucose transport or post-receptor defects in insulin signalling in pregnancy or GDM, but there are no data how Type II diabetes mellitus affects insulin signalling during pregnancy. The purpose of this study Effect of insulin on maximal tyrosine phopshorylation of insulin receptor (IRβ) in adipocytes from non-pregnant control (NPC; first column), pregnant control (PC; second column), GDM subjects (third column) and Type II diabetic pregnant women (T2P; fourth column). A The bar shows quantification of the autoradiograms from all subjects in each group. The data are expressed as arbitrary units relative to the net effect of insulin in non-pregnant control subjects, assigning a value of 100 to the result. Data are means ± SD. B Tyrosine phosphorylation of IRβ in immunoprecepitates of adipocytes from all study groups. The cells were preincubated for 10 min with 6.9 nmol/l insulin. The proteins were separated on 7.5% SDS-PAGE and blotted with anti-phosphotyrosine antibodies. A representative autoradiograph is shown. C The expression of IRβ protein detected with anti-IRβ antibody was to determine and compare the mechanisms for insulin resistance in adipocytes during pregnancy in women with GDM and Type II diabetes mellitus. We have shown that GDM is associated with impairment in insulin-stimulated glucose transport in adipocytes and this impairment becomes worse in pregnant women with Type II diabetes mellitus. Our findings that insulin-stimulated glucose transport activity was reduced in adipocytes from GDM subjects are consistent with a previous one [8] . However, we have compared the glucose uptake and post-receptor defects in insulin signalling from GDM patients and Type II diabetic pregnant women. Our data indicate that in GDM and in Type II diabetic pregnant women the glucose uptake is markedly reduced with no depletion of Fig. 3 . Effect of insulin on maximal tyrosine phopshorylation of IRS-1 in adipocytes from non-pregnant control (NPC; first column), pregnant control (PC; second column), GDM subjects (third column) and Type II diabetic pregnant women (T2P; fourth column). A The bar shows quantification of the autoradiograms from all subjects in each group. The data are expressed as arbitrary units relative to the net effect of insulin in non-pregnant control subjects, assigning a value of 100 to the result. Data are means ± SD. B Tyrosine phosphorylation of IRS-1 in immunoprecepitates of adipocytes from all study groups. The cells were preincubated for 10 min with 6.9 nmol/l insulin. The proteins were separated on 7.5% SDS-PAGE and blotted with anti-phosphotyrosine antibodies. A typical autoradiogram is shown from a subject in each group. C The expression of IRS-1 proteins detected with anti-IRS-1 antibody GLUT-4 glucose transporters. The higher decrease in glucose uptake observed in Type II diabetic women shows that insulin resistance associated with Type II diabetes mellitus produces a persistent defect in insulin signalling which becomes even worse in combination with pregnancy.
It is now generally accepted that insulin stimulation results in the activation of the insulin receptor tyrosine kinase, leading to tyrosine phosphorylation of the IRS family of intracellular docking proteins and subsequent association, targeting and activation of PI 3-kinase [15, 16, 17, 18, 19, 20, 21, 22] . Investigators using freshly isolated human rectus abdominis muscle, found a decrease in IRS-1 tyrosine phosphorylation, primarily due to expression of IRS-1 protein [23] . Our studies show that a reduction in IRS-1 expression and phosphorylation levels in adipocytes could be a major mechanism for the insulin resistance of pregnancy and GDM. The down regulation of IRS-1 phosphorylation closely paralleled the reduced ability of insulin to induce insulin receptor tyrosine phosphorylation and this correlates with reduced glucose uptake. As seen from our results, pregnant women with Type II diabetes mellitus have a significant reduction in IRS-1 expression/phosphorylation levels compared to women with GDM, showing that chronic desensitisation of insulin signalling cascade is associated with pre-existing Type II diabetes; however the insulin signalling pathway down regulates even more when women with Type II diabetes become pregnant. Interestingly, our study has not revealed any change in the levels of p85α subunit of PI 3-kinase in pregnant subjects. The reasons for these are not known. The ability of the p85α subunit of PI 3-kinase to bind to IRS proteins generally parallels the level of tyrosine phosphorylation of IRS. However, there can be additional, as yet undefined, molecules that transduce signals from PI-3 kinase to mediate GLUT-4 translocation that could be inhibited in our subjects. The decrease in insulin signalling could be a consequence of reduced protein expression of insulin receptor and IRS-1. The down regulation of IRS-1 protein paralleled the reduced ability of insulin to induce tyrosine phosphorylation and this correlated with reduced glucose uptake. Our studies indicate that down regulation of both major proteins could be a mechanism for the insulin resistance in GDM. Similar results have been reported in muscle tissue from GDM subjects [23] .
Recent studies have shown that overexpression of PC-1 plays a role in insulin resistance in subjects with and without Type II diabetes mellitus [10, 11] . PC-1 binds directly to the insulin receptor α-subunit and interferes with activation of the receptor β-subunit by insulin [9] . It has been shown to inhibit IRTK activity but not insulin binding [13] , and a significant negative relationship exists between increased PC-1 content and maximal 2-deoxyglucose transport in human skeletal muscle or adipocytes from obese subjects [10, 11] . In addition a study has shown that PC-1 is overexpressed in skeletal muscle from obese women with GDM [12] . Furthermore, a study also recently showed that a common PC-1 polymorphism is associated with reduced IRTK activity and insulin resistance in non-obese patients with no change in PC-1 protein levels, which suggests more than one mechanism for PC-1 associated insulin resistance [24] . In our study, we found that PC-1 proteins are overexpressed in adipocytes from GDM subjects and more so in Type II diabetic pregnant women compared with non-pregnant control subjects. These results indicate that the positive correlation exists between impairment of glucose uptake and the amount of PC-1. Moreover, PC-1 content in adipocytes negatively correlated with IRTK phosphorylation and IRS-1 expression/phosphorylation levels.
In summary, impaired glucose transport in adipocytes from GDM subjects is characterized by a defect in IRS-1 tyrosine phosphorylation, primarily due to the reduced expression of IRS-1 protein. Furthermore, increases in PC-1 and decreases in IRTK phosphorylation, in addition to lower IRS-1 expression and phosphorylation levels, could underlie the mechanism for impaired glucose uptake in adipocytes from subjects with GDM.
